Rationale Varenicline, a partial nicotinic acetylcholine receptor (nAChR) agonist, is approved for smoking cessation. A few preclinical studies examined the pharmacological effects of varenicline, alone or in combination with nicotine. How varenicline affects the pharmacological effects of pure nicotine has not been examined in humans. The goal of this study was to characterize varenicline's actions on nicotine's dose-dependent effects in abstinent smokers. Methods Six male and six female smokers participated in a double-blind, placebo-controlled, crossover study. Smokers had two 4-day treatment periods, assigned in random sequence, to varenicline (1 mg/day) or placebo treatment. On day4 of each treatment phase, smokers had an experimental session, where they received three escalating doses of intravenous (IV) nicotine (0.1, 0.4, and 0.7 mg/70 kg), in 30-min intervals. Varenicline's effects were assessed through subjective, physiological, and cognitive performance outcomes to nicotine administered via IV route.
Introduction
Varenicline (Chantix®), a partial nicotinic acetylcholine receptor (nAChR) agonist, has recently been marketed as a pharmacological aid for smoking cessation (Hays and Ebbert 2008) . Varenicline is a derivative of cytisine, a plant alkaloid used for smoking cessation in Eastern Europe (Etter et al. 2008) . Preclinical studies have demonstrated that varenicline is a partial agonist at the α 4 β 2 nAChR, and a full agonist at the α 7 nAChR (Mihalak et al. 2006) . Consistent with its partial agonistic effects on the nAChR, varenicline treatment reduced the nicotine-induced dopamine release in the nucleus accumbens of rats (Rollema et al. 2007 ). Furthermore, when administered alone, varenicline produced approximately 60% of the maximum dopamine release by nicotine in the nucleus accumbens (Coe et al. 2005 ). In addition, varenicline reduced nicotine self-administration in rats further supporting its partial agonistic effects on the nAChR (Rollema et al. 2007 ). More preclinical research is needed to better characterize pharmacological binding affinity and the functional potency of varenicline at different receptors as well as establish the precise mechanism of action for varenicline in smoking cessation.
Recent human studies provide increased insight into the possible mechanisms of varenicline's efficacy in smoking cessation (Patterson et al. 2009; Stoops et al. 2008; . Varenicline attenuated the severity of tobacco withdrawal symptoms, reduced the subjective rewarding effects of cigarette smoking, and improved cognitive performance in abstinent smokers (Patterson et al. 2009; West et al. 2008) , which are consistent with preclinical studies mentioned above. Previous studies, however, did not evaluate varenicline's effects on pure nicotine responses in humans. This is an important gap in our knowledge base for varenicline since nicotine is the main addictive chemical in tobacco smoke and is a key factor in continued and compulsive tobacco use (Benowitz et al. 2009 ). The purpose of this study was to further characterize varenicline's pharmacological action in humans by evaluating its effects on pure nicotine, administered intravenously. The advantages of the IV route include rapid nicotine delivery, comparable to the bolus effect of smoking, and precise dosing. Varenicline's effects were assessed through subjective, physiological, endocrine, and cognitive performance outcomes. We hypothesized that varenicline would result in attenuated subjective response to IV nicotine, improve cognitive performance and alleviate urges for smoking in abstinent smokers. We did not have specific hypotheses for varenicline's effects on the endocrine and physiological responses to nicotine.
Materials and methods

Participants
Twelve non-treatment seeking smokers (six males and six females) were recruited from the New Haven, Connecticut area. Five additional smokers dropped out prior to study completion due to non-compliance with the study procedures and were therefore not included in the analyses. This sample of non-treatment seeking smokers was comprised of African-Americans (n=8), Caucasians (n=2), and Hispanics (n=2). The average age (SD) of the smokers was 34.0 (9.3). Participants smoked an average of 15.9 (4.6) cigarettes/day and had a Fagerstrom Test for Nicotine Dependence (Heatherton et al. 1991 ) score of 5.7 (1.5). Participants were not dependent on drugs or alcohol other than nicotine during the study and all physical, laboratory, and psychiatric examinations were within normal limits. Participants provided written, signed consent prior to participating in the study. This study was approved by the VA Connecticut Healthcare System Human Subjects Subcommittee. Experimental sessions were conducted in the Biostudies Unit located at the VA Connecticut Healthcare System and participants were paid for participation.
Procedures
We utilized an outpatient randomized, double-blind crossover study design. Following an adaptation session, smokers had two 4-day treatment periods, assigned in random sequence, to varenicline (1 mg/day) or placebo treatment. Each treatment period was separated by a washout period lasting a minimum of 5 days, long enough to minimize carry-over effects from varenicline, which has an elimination half-life of 24 h (Faessel et al. 2006) . During the initial adaptation session, smokers received three escalating doses of IV nicotine (0.1, 0.4, and 0.7 mg/ 70 kg), in 30-min intervals. This procedure ensured that smokers tolerated the IV nicotine doses used during each experimental session.
On each of the first 3 days of treatment periods, smokers had daily clinic visits to receive the study medications and to complete outcome measures. Starting at midnight of day 3, smokers were asked to stop smoking until the morning of day4. Abstinence from smoking was verified with expired carbon monoxide (CO; <10 parts-per-million). On day4 of each treatment phase, smokers began an experimental session. First, smokers had an indwelling catheter placed in an antecubital vein. After baseline measures were collected, smokers received an oral dose of either varenicline or placebo. Three hours after the medication administration, when the peak plasma levels of varenicline are expected, smokers received three ascending doses of IV nicotine, (0.1, 0.4, and 0.7 mg/70 kg). The injections were given 30 min apart, similar to our previous studies (Sofuoglu et al. 2005; Sofuoglu et al. 2006; Sofuoglu et al. 2009 ). Our prior work demonstrated that 0.4 and 0.7 mg/ 70 kg dosing of nicotine produced robust physiological and subjective responses, and was self-administered in male and female smokers (Sofuoglu et al. 2008b ). The 0.1 mg dose is less than the amount of nicotine inhaled from one puff of a cigarette (Djordjevic et al. 2000) . The nicotine doses chosen for this study were lower than those used in our previous studies, in order to minimize adverse effects especially nausea, that have been reported when nicotine is combined with varenicline (PDR 2009).
Drugs
Nicotine and varenicline administration
Nicotine bitartrate was acquired from Interchem Corporation (Manchester, Connecticut). All nicotine samples were prepared by a research pharmacist at the VA CT Healthcare System. A total volume of 5 ml nicotine was injected over 60 s intravenously via a catheter located in a forearm vein. Varenicline was administered in the clinic daily by the study nurse. Patients started Varenicline (Chantix®) as a single daily 0.5 mg dose for 2 days, which was increased to 1 mg/day for the next 2 days. Although the manufacturer's recommended dose of varenicline for smoking cessation is 2 mg/day, a smaller, 1 mg/day, dose has been shown to be effective for smoking cessation (Oncken et al. 2006) . Because nausea is a relatively frequent dose-dependent side effect of varenicline (Hays and Ebbert 2008) , we chose 1 mg/day dose to minimize the possibility of nausea from varenicline and IV nicotine combination.
Outcome measures
Our outcome measures assessed biochemical, physiological, subjective, and cognitive domains. Biochemical measures included CO, plasma cotinine, and cortisol levels. Expired CO and plasma cotinine concentrations were used to verify abstinence from smoking and level of smoking, respectively (Benowitz et al. 2002) . Expired CO and plasma cotinine measurements were taken before each session. Plasma cortisol measurements were taken during the experimental sessions, at baseline, before each of three injections and at the end of the session. Plasma cortisol levels have been shown to be sensitive to nicotine withdrawal and to nicotine administration (al'Absi et al. 2002; Mendelson et al. 2005; Newhouse et al. 1990; Pickworth and Fant 1998) . The physiological measures included systolic and diastolic blood pressure and heart rate, which were measured daily during medication treatment. Physiological measures were taken in the experimental sessions at −5, 1, 2, 3, 5, 8, 10, and 15 min in relation to nicotine deliveries. The subjective measures included the Nicotine Withdrawal Symptom Checklist (NWSC), Center for Epidemiologic Studies Depression (CES-D) scale, Positive and Negative Affect Schedule (PANAS), and Drug Effects Questionnaire (DEQ). The NWSC measures withdrawal symptoms from tobacco and includes items of cigarette craving, irritability/anger, anxiety, difficulty concentrating, restlessness, increased appetite, depressed mood, and insomnia (Hughes and Hatsukami 1986; Hughes and Hatsukami 1997) . We used a modified version of the NWSC in which smokers were asked to rate these symptoms on a 100 mm scale, from "not at all" to "extremely" (e.g., Buchhalter et al. 2005) . The PANAS is a 20-item scale that assesses both negative and positive affective states (Watson et al. 1988) . Smokers rate adjectives describing affective states on a scale of 1 to 5 using a specified time period (i.e., now, today, past week, etc.). This scale is sensitive to the affective symptoms of tobacco withdrawal (Kenford et al. 2002) . The CES-D is a 20-item self-report measure of depressive symptoms (Radloff 1977) . The CES-D has been shown to be a reliable and valid scale and it has been used in several epidemiological studies including smokers (Son et al. 1997; Weissman et al. 1977) . This scale was included to assess varenicline's effects on depressive symptoms. The CES-D and PANAS were administered each day during the study. On day4, the NWSC and PANAS were given at baseline, prior to nicotine administration and at the end of the session. The DEQ was used to measure acute effects from IV nicotine and consisted of seven items: drug strength, high, feel stimulated, good effects, bad effects, head rush, and like the drug. Smokers rated each item on a 100 mm scale, from "not at all" to "extremely." The DEQ was given at 1, 3, 5, 8, 10, and 15 min after nicotine administration.
Cognitive performance was assessed with two cognitive tasks: the Sustained Attention to Response Test (SART) and modified Stroop task. The SART is a Go-NoGo task (Robertson et al. 1997; Sofuoglu et al. 2008a) , which assesses the ability to withhold responses to an infrequently occurring target (No-Go trials). Reaction times (RTs) and errors on Go trials are also assessed. The modified Stroop task assesses attentional responses to smoking and negative affect cues (Sofuoglu et al. 2008a; Waters et al. 2005) . Briefly, smokers completed two counterbalanced blocks (60 trials per block). One block contained smoking words (e.g., tobacco) and neutral words (e.g., bookcase) presented in a mixed order. The other block contained negative affect words (e.g., death) and a different set of matched neutral words (e.g., couch). RTs to indicate the colors of the words were assessed. The two cognitive tasks were administered twice in each experimental session: 2 h and 45 min after varenicline or placebo administration and 30 min after the last nicotine injection. Due to computer error, data from one smoker were missing for one session on the SART. On the modified Stroop task, RTs less than 100 ms were excluded as were RTs greater than 1,501 ms (>3 SDs above the grand mean).
Data analysis
Study outcomes were analyzed using a mixed-effect repeated-measures crossover models using the Statistical Analysis System, Version 9.1.3. (SAS Institute Inc. 2007) . Each model included fixed main effect terms for treatment (placebo or varenicline), and time of measurement (day in the study or time since treatment), as well as the interaction of these two effects. We also included a random effect for subject and a blocking factor for treatment sequence. For blood pressure, heart rate, and DEQ measurements, where multiple measurements were collected before and after each nicotine dose, a change score (maximum post-dose score minus pre-dose baseline) was used in the analysis. Values of p<0.05 were considered statistically significant, based on two-tailed tests, unless otherwise specified. Significant treatment or treatment-by-time interactions (p<0.05) were followed up by post hoc comparisons of varenicline relative to placebo for different nicotine doses (0.1, 0.4, and 0.7 mg/kg). To account for multiple testing, for these comparisons, statistical significance was set at p<0.016.
Results
Physiological response to IV nicotine
Following nicotine administration, peak heart rate and blood pressure values were reached within 5 min and returned close to baseline values within 15 min (Fig. 1) Fig. 2 , there was a significant dose effect for the heart rate (p<0.001).
Subjective responses to IV nicotine
Following nicotine administration, peak subjective responses were reached within 5 min and returned close to baseline values within 15 min (Fig. 3) . The treatment effects on the subjective response to IV nicotine measured with DEQ are shown in Fig. 4 . There were significant treatment effects for the ratings of drug strength [F(1, 54 Fig. 4 Average (SEM) peak subjective responses to 0.1, 0.4, and 0.7 mg/70 kg intravenous nicotine under placebo and varenicline conditions. Bars represent the mean maximum score. *Indicates significant treatment differences (p<0.016)
Adverse events
No adverse events were encountered during the study.
Discussion
Following a brief course of varenicline treatment (1 mg/ day for 4 days), abstinent smokers displayed attenuated responses to many subjective effects of IV nicotine, including the rating of drug strength, high, head rush, and stimulated. Other subjective effects including good effects and drug liking were not attenuated by varenicline treatment. These findings are consistent with previous studies which reported attenuated subjective rewarding effects from cigarette smoking under varenicline treatment. Patterson et al. (2009) reported reduced subjective effects from a programmed lapse to smoking in smokers, following a 3-days of abstinence. Similarly, West et al. (2008) reported reduced reward from smoking in smokers who were trying to quit smoking. Our work extends these findings by evaluating varenicline's effects on subjective responses to pure nicotine administered intravenously. These findings are consistent with the partial agonistic effects of varenicline on the α 4 β 2 nAChRs, which have been shown to be critical for the nicotine reward in preclinical studies (Fowler et al. 2008; Picciotto and Corrigall 2002) . Varenicline attenuated nicotine-induced heart rate increases for all three doses of nicotine. We are not aware of any previous studies evaluating varenicline's effects on nicotine-induced cardiovascular responses. The nicotineinduced heart rate increases are thought to be mediated by α 3 β 4 subtype nAChRs which are implicated in peripheral nervous system functions (Aberger et al. 2001; Dhar et al. 2000; Ji et al. 2002) . However, varenicline was shown to have very low affinity to α 3 β 4 nAChR in equilibrium binding experiments; its affinity to the α 3 β 4 subtype is 4,000 times less than to α4β2 subtype (Coe et al. 2005) . This low affinity makes it unlikely that varenicline can affect functions mediated by the α 3 β 4 nAChR. Although in functional assays, varenicline showed significant potency at α 3 β 4 nAChR as well as α 7 subtypes, further expanding the effect of varenicline beyond the α 4 β 2 nicotinic receptors (Mihalak et al. 2006) . These findings suggest that in clinically used doses, varenicline may attenuate heart rate increases induced by nicotine by its partial agonist effect in α 3 β 4 nAChR. In addition to α 3 β 4 , other nAChR subtypes, especially α 7 may also be involved in mediating the cardiovascular effects of nicotine (Ji et al. 2002) . These possibilities need to be examined in future studies.
Smokers under varenicline treatment, compared with placebo, reported enhanced positive mood measured with Smoking smoking words, NA negative affect words, Neutral neutral words, Pre pre-nicotine, Post post-nicotine PANAS. Interestingly, varenicline's effect on positive mood was also observed under ad lib conditions (the first 3 days of each treatment period), as well as after abstinence from smoking (day4 of each treatment period). These findings were not due to changes in smoking behavior since there were no treatment effects on plasma cotinine levels obtained on day4 of each treatment period. Our findings are consistent with a previous study where smokers had greater positive mood with varenicline treatment during a 3-day smoking abstinence (Patterson et al. 2009 ).
Varenicline had mixed effects on cognitive functioning. Varenicline significantly speeded RTs on the smoking block of the modified Stroop task. The absence of a treatment by word type interaction indicates that the varenicline-induced speeding was consistent on both smoking and neutral words. There are two possible explanations for the data. First, varenicline may reduce the salience of smoking cues, leading to faster responses on both smoking and neutral words in the smoking block (because the smoking words are less attention-grabbing under varenicline). This explanation leans on the evidence that carry-over effects on mixed Stroop tasks have often been documented in addiction Stroop tasks. Specifically, responses on words that follow drug-related words can be slower, possibly due to disengaging attention from the salient drug-related word (Cane et al. 2009; Waters et al. 2003) , and varenicline may reduce a carry-over effect. Second, varenicline may simply cause a generalized speeding of cognitive functioning. However, the observation that varenicline did not significantly speed RTs on the negative affect block of the modified Stroop task or on Go trials in the SART argues against this second explanation. In a recent study, varenicline treatment improved performance in sustained attention and working memory tasks in abstinent smokers (Patterson et al. 2009 ). Our study extends these findings further by demonstrating varenicline's effect on another cognitive task. On the Go-NoGo trial, varenicline did not reduce the frequency of incorrect responses on No-Go trials. Thus, it did not exert a significant effect on impulsive responding in this task. Further research is required to determine the effects of varenicline on cognitive functioning.
Our study had several limitations. First, the study did not have a nicotine-placebo condition. We used the 0.1 mg nicotine as a placebo dose since previous studies suggested that this nicotine dose was below discrimination threshold in smokers (Djordjevic et al. 2000; Perkins et al. 1994 ). However, the 0.1 mg dose produced significant subjective and heart rate increases. Further work needs to be conducted to determine threshold doses of IV nicotine that produces subjective and physiological effects. Second, we used only one dose of varenciline, 1 mg/day, in conjunction with relatively low doses of IV nicotine. Future studies using higher doses of varenicline and nicotine may further elucidate the interaction between varenicline and nicotine. Third, the treatment duration was brief, only 4 days, and it is possible that longer treatment with varenicline may produce different effects.
Our findings have a number of clinical implications for the clinical efficacy of varenicline for smoking cessation. First, attenuation of nicotine's subjective effects may contribute to varenicline's efficacy in preventing relapse in abstinent smokers. The first few puffs of cigarette smoke in abstinent smokers (lapses) are regarded to be highly rewarding and linked to full relapse in smoking (Brandon et al. 1990; Kenford et al. 1994) . Second, our study as well as the Patterson study (2009), suggests that varenicline may elevate positive mood in abstinent smokers. Negative affect is an important component of tobacco withdrawal and improvement of mood has been proposed to contribute to the efficacy of bupropion, another smoking cessation medication (Lerman et al. 2002) . Third, our preliminary findings and the Patterson et al. (2009) study suggest that varenicline may improve cognitive function for some tasks in smokers. Varenicline also improved the self-report item of "difficulty concentrating" in abstinent smokers. Reduced cognitive function is a component of tobacco withdrawal and nicotine's capacity to enhance cognitive function has been suggested to contribute to its reinforcing effects especially in individuals with compromised cognitive function e.g. attention deficit hyperactivity disorder or schizophrenia (Evans and Drobes 2009) . Thus, improvement of cognitive function may contribute to varenicline's efficacy for smoking cessation. Lastly, our findings suggest that varenicline treatment may attenuate some of the cardiovascular effects of nicotine in individuals who continue to smoke. Whether varenicline treatment can reduce the cardiovascular risks associated with ongoing smoking needs to be further examined.
To summarize, varenicline attenuates some of the subjective and physiological (i.e., heart rate) responses to IV nicotine in smokers. Varenicline also improves mood in smokers. These findings are consistent with the partial nicotinic agonist effects of nicotine. Further studies are warranted to examine which of these effects contribute to varenicline's efficacy in smoking cessation.
